A series of octadentate ligands featuring the 2-hydroxyisophthalamide (IAM) antenna chromophore (to sensitize Tb(III) and Eu(III) luminescence) has been prepared and characterized. The length of the alkyl amine scaffold that links the four IAM moieties has been varied in order to investigate the effect of 
Introduction
In recent years, interest in highly emissive lanthanide complexes with good aqueous stability has grown considerably, since their long-lived luminescence facilitates their use in time-resolved homogeneous fluoroimmunoassays. [1] [2] [3] [4] [5] We have reported the development of a new class of these luminescent lanthanide complexes, based on ligands incorporating the 2-hydroxyisophthalamide (IAM) chromophore as a chelating group. [6] [7] [8] These complexes, formed with several lanthanide cations, are highly luminescent due to a combination of very efficient ligand to lanthanide energy transfer and effective protection of the metal ion from sources of non-radiative deactivation, such as water coordinated to the metal center. The quantum yields reported for the Tb(III) complexes remain some of the highest values described in the literature for lanthanide complexes that are stable in aqueous solution at physiological pH, in the absence of external augmentation agents such as micelles or fluoride. For 3 these reasons, derivatives of these complexes have recently been commercialized and utilized as luminescent probes for high sensitivity homogeneous time-resolved immunoassays. 9, 10 The solubility of the complexes initially described in the literature was too low to allow for detailed stability analyses of the Ln(III) complexes using solution thermodynamic techniques. To overcome this limitation, we have designed a series of octadentate ligands incorporating a methoxyethylene (MOE) amide group in the 6-position of the IAM ring in order to improve the solubility of the ligands and their Ln(III) complexes, since these groups have been previously shown to increase solubility in aqueous solution. 11 Concurrently, we have investigated the effect of altering the length of the central alkylamine backbone that connects the four chelating IAM units ( Figure 1 ) with regard to changing the stability and photophysical properties of the Ln(III) complexes. We report here the three new ligands, and the stability and photophysical properties of these ligands in complex with Eu(III) and Tb(III), which facilitates the use of this family of compounds in homogeneous time-resolved fluoroimmunoassays.
Experimental

General
All chemicals were obtained from commercial suppliers and used without further purification unless otherwise noted. Flash silica gel chromatography was performed using Merck 40-70 mesh silica gel.
NMR spectra were recorded at ambient temperature on either Bruker AM-300 or DRX-500 spectrometers operating at 300 (75) MHz and 500 (125) MHz for 1 H (or 13 C) respectively. Chemical 
Dibenzyl 2-(benzyloxy)benzene-1,3-dicarboxylate (2)
2-Hydroxyisophthalic acid (75 g, 0.38 mol), benzyl chloride (158 g, 1.25 mol) and anhydrous K 2 CO 3 (172 g, 1.25 mol) were added to 500 mL of dry DMF. The mixture was heated at 75°C under nitrogen for 18 h. The reaction mixture was then cooled to room temperature and filtered, and the filtrate was evaporated to dryness under vacuum. 
2-(Benzyloxy)-N-(2-methoxyethyl)-3-(2-thioxothiazolidine-3-carbonyl)benzamide (5)
To To a solution of 5 (1.94 g, 4.5 mmol) in CH 2 Cl 2 (100 mL) was added N,N,N',N'-tetrakis-(2-aminoethyl)-butane-1,4-diamine (6c) 12 (0.26 g, 1 mmol) and the mixture was stirred for 9 h at room temperature. The reaction mixture was then evaporated to dryness and applied to a silica gel column. This compound was prepared using a procedure analogous to that described for 7c above, substituting N,N,N',N'-tetrakis-(2-aminoethyl)-ethane-1,2-diamine (6a) 12 This compound was prepared using a procedure analogous to that described for 8c, yielding the desired product ( 
-dicarbamide) (8b) (H(3,2)-IAM-MOE)
This compound was prepared using a procedure analogous to that described for 8c, yielding the desired product ( 
Solution Thermodynamics
Experimental protocols and details of apparatus closely followed those of previous studies. 13, 14 The resulting potentiometric data (pH vs total proton concentration) were refined using Hyperquad. For spectrophotometric titrations, a titration vessel was charged with 100 mL (± 0.05 mL) of degassed 0. titrated with standardized 0.1 M HCl (using aliquots of 15-35 μl) to pH 3.5, with equilibration times of 300 s between each addition. Absorbance spectra (280-380 nm, 2 nm data interval) were collected and pH recorded for each addition. The data from each titration (absorbance vs. pH) were imported using pHab for data analysis and were separately treated by non-linear least squares refinement. All equilibrium constants are defined in terms of β mlh , using the equation:
Hydrolysis constants for Eu(III) (β 101 = -7.1, β 102 = -15.6, β 103 = -24.6) and Tb(III) (β 101 = -7.2, β 102 = -15.3, β 103 = -24.0) were estimated using the methods described in Baes and Mesmer for an ionic strength of I = 0.1 M. 15 These were included as fixed values in the refinement, together with the values for ligand proton association constants obtained from potentiometry (β 011 ...β 016 ), and absorbances were refined only for species present above 5% under the experimental conditions (the species ML, MLH, MLH 2 , MLH 3 , LH 5 and LH 6 were defined as absorbing). 16 Factor analysis showed at least some regular structure for the first six eigenvectors, consistent with this number of species. A common model was used for all three ligands, with both Eu(III) and Tb(III). Wavelengths from 280-320 nm and 330-360 nm, excluding the isosbestic point, were used in the refinement, yielding global σ values between 2 and 5.5. Notably, for H(2,2)-IAM-MOE and H(4,2)-IAM-MOE, titrations were reversible for the whole pH range of 3.5-10 while for H(3,2)-IAM-MOE, only the pH range from 3.5-7 was used in the refinement due to irreversibility above pH 7 consistent with hydrolysis.
Photophysics
Absorption spectra were recorded on a Cary 300 double beam UV-Visible spectrophotometer using a quartz cell of 1 cm path length. Emission spectra were recorded on a HORIBA Jobin Yvon IBH FluoroLog-3 spectrofluorimeter using 1 cm quartz SUPRASIL luminescence cells for room-temperature measurements. Spectra were reference corrected for both the excitation light source variation (lamp and 10 grating) and the emission spectral response (detector and grating incorporating fast rise time PMT, wide bandwidth pre-amplifier and picosecond constant fraction discriminator was used as the detector. Signals were acquired using an IBH DataStation Hub photon counting module and data analysis was performed using the commercially available DAS 6 decay analysis software package from HORIBA Jobin Yvon IBH. Goodness of fit was assessed by minimizing the reduced chi squared function, χ 2 , and a visual inspection of the weighted residuals. Each trace contained at least 10,000 points and the reported lifetime values result from at least three independent measurements. Low temperature emission spectra for the Gd(III) complexes were recorded at 77 K on a Cary Eclipse spectrofluorimeter, using solutions of the complex prepared in situ in an appropriate glass forming solvent (1:4 (v/v) MeOH:EtOH).
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Results and Discussion
Synthesis
11
A general synthetic route for the H(n,2)-IAM-MOE (n = 2, 3, 4) ligands is shown in Scheme 1. The initial step is benzyl protection of 2-hydroxyisopthalic acid (1) . The use of the benzyl protecting group rather than a methyl group is necessary as this group can be easily removed using mild deprotection conditions that will leave the subsequently installed MOE ether moieties intact. The resulting dibenzyl ester (2) is hydrolyzed to give 2-benzyloxyisophthalic acid (3), which is first converted to the diacyl chloride and then coupled directly with two equivalents of 2-mercaptothiazoline to give the key dithiazolide intermediate (4) . Using the dithiazolide allows for facile asymmetric substitution of the molecule using differing amines. Slow addition of 2-methoxyethylamine to an excess of the dithiazolide (4) yields the monosubstituted species (5). The monothiaz (5) can be easily purified using column chromatography from unreacted starting material, which can be isolated for later re-use. The monoamide (5) is then coupled to each of the amine backbones (6a-c), synthesized according to literature procedures, 12 to yield the protected ligands (7a-c). Removal of the remaining benzyl protecting groups was achieved under standard hydrogenation conditions to furnish the final desired ligands (8a-c).
Solution Thermodynamics
The protonation constants for each ligand were determined by potentiometry, with the results as summarized in Table 1 For each of the ligands the first two protonation constants are well separated, while the last four are clustered together, which is consistent with a preliminary assignment of the first two protonations to the tertiary amines present in the alkylamine backbone, and the remaining four corresponding to protonation of the IAM phenolates.
To confirm this assignment, spectrophotometric titrations of each ligand were also performed. In every case, the first protonation causes the least change in the molar absorptions in the region of the IAM π−π While the pendant monoethylene glycol groups significantly improved the ligand solubilities, the improvement was not sufficient to allow for direct potentiometric examination of the Ln(III) complexes.
The stability constants for Tb(III) and Eu(III) with the H(n,2)-IAM-MOE ligands were determined by spectrophotometric titrations, and the results are summarized in Table 2 . A representative titration (for Figure S1 in the Supporting Information. From the spectrophotometric data for each of the six complexes examined, four distinct Ln(III) species were observed in each case: a minor species involving a protonated IAM ligand (i.e. MLH 3 ) and three complexes that differ in the protonation state of the two tertiary amine nitrogens in the backbone (i.e.
Tb(H(2,2)-IAM-MOE) in shown in
ML, MLH, and MLH 2
). An examination of the calculated molar absorbance values revealed that the latter two protonation steps involve only a small change in the molar absorbance, while the UV absorption spectrum calculated for the MLH 3 species is significantly different, consistent with protonation of one of the IAM arms.
13
The resulting metal complex formation constants reveal distinct trends in stability, with the observed competitive at nanomolar concentration, accounting for approx 22.6% and 7.4% of the speciation respectively, while for the H(3,2)-ligand, hydrolysis is evident even at micromolar concentrations.
The spectrophotometric titrations for H(3,2)-IAM-MOE with both Eu(III) and Tb(III) were
irreversible above pH 7, consistent with competing alkaline hydrolysis of the complex. As such, the logβ 110 formation constants for the ML complexes could not be determined accurately and are instead denoted by "hydrolysis" in Table 2 , although these values can be estimated to be about 8.5 -9 by a consideration of the calculated speciation under the conditions of the spectrophotometric titration. As a result of this much weaker formation constant, the onset of metal hydrolysis is also more rapid for the Figure S10 (Supp. Info), from which it is readily apparent that the luminescence intensity drops almost linearly with log concentration until ca. 10 -10 M and is barely visible at 10 -11 M (see Figure S11 , Supp. Info.). While not apparent from the steady state measurement upon further 10
fold dilution of this sample, we were able to discern the characteristic 2.60 msec lifetime of the Tb(III) complex by time resolved measurements, and hence we can estimate a limiting concentration of 10 -12 M.
Significantly, this limiting value also corresponds to the approximate detection limit of our fluorimeter. 23 We conclude that our earlier result was likely due to the formation of partially hydrolyzed species (e.g. [TbL(OH) x ]) that are known to adhere to glass surfaces, and can easily contaminate measurements performed at such high dilution. Despite this decrease in the estimated minimum detectable concentration, these complexes are stable enough for use in bioassays, which are typically performed at nano-or picomolar concentrations.
Photophysics
The absorption and emission spectra of the H(n,2)-IAM-MOE ligands series are essentially identical.
The spectra of the H(2,2)-IAM-MOE ligand are shown in Figure 4 as a representative example. Each of the three ligands displays a broad electronic envelope with a maximum centered at ca. 350 nm, which we assign to π-π * transitions of the IAM chromophore. The corresponding room temperature emission spectra of the ligands are similarly broad, with maxima centered at ca. 416 nm, corresponding to emission from the excited singlet state. The similarity in absorption and emission characteristics of the three ligands indicates that modification of the amide by altering the ligand backbone does not significantly alter the photophysical properties of the IAM chromophore.
16
Also shown in Figure 3 is the emission spectrum of the [Gd (H(2,2) which is in the range proposed for optimal ligand-to-Tb(III) energy transfer. 24 The emission spectrum of the Gd(III) complex of the previously reported H(2,2)-IAM ligand was also measured and from this spectrum ( Figure S12 ) the T 0-0 energy was estimated to be ca. (Table 3 ).
In addition to their steady state emission, the luminescent lifetimes of the Tb(III) and Eu(III) complexes were measured, with results summarized in Table 3 . The lifetimes were measured in both 
